Introduction
Many factors influence seed set in outbreeding plant populations. These include the density, spatial pattern, and frequency of mating groups (Mulcahy 1967; Platt et al. 1974; Silander 1978; Wyatt and Hellwig 1979; Antonovics and Levin 1980; Barrett and Thomson 1982) ; the composition, abundance, and behaviour of the pollinator fauna (Levin and Berube 1972; Waser 1978; Barrett 1980a; Plowright and Hartling 1981; Motten et al. 1981; Bertin 1982a; Snow 1982) ; the environmental conditions during pollination, fertilization, and embryo development (Lewis 1942; Hagerup 195 1 ; Barrett 1980b) ; as well as the availability of plant resources for fruit and seed maturation (Brink and Cooper 1947; Lloyd et al. 1980; Udovic and Aker 1981; Stephenson 1981) . Several studies have demonstrated that during a single flowering season, seed set is, in part, limited by pollen availability (Schemske et al. 1978; Barrett 1980b; Willson and Schemske 1980; Weller 1980; Bierzychudek 198 1 ; McDade 1983 ). This phenomenon is particularly likely to occur in habitats where pollinator service is unreliable owing to inclement weather. spp. (Akamine and Girolami 1959; Snow 1982) , Oenothera fruticosa (Silander and Primack 1978) , Campsis radicans (Bertin 1982a) , and Costus guanaiensis (Schemske and Fenster 1983) . In these studies, known amounts of compatible pollen were applied to stigmas, and the resulting seed set was recorded. Under field conditions stigmas can receive a mixture of compatible, incompatible, and interspecific pollen grains. To what extent the presence of noncompatible pollen grains on the stigmatic surface modifies the relationship between pollination intensity and seed set is unknown. ~u k a d a and Jayachandra ( 1980) and Thomson et al. ( 198 1) have, however, demonstrated the inhibitory effects of heterospecific pollen mixtures to fertilization and seed set in Parthenium hysterophorus and Diervilla lotzicera, respectively.
Owing to the small number of mating groups in heterostylous plant populations (two in distyly, three in tristyly), the probability of stigmas receiving incompatible pollen grains is high. In addition, large floral displays, extensive clone size, and near-neighbour foraging by pollinators will increase incompatible pollen loads as a result of geitonogamy. Studies of the Information on the quantitative relationships between the composition of pollen on naturally pollinated stigmas of heteronumber of compatible pollen grains deposited on a stigma and stylous species confirm the presence of considerable amounts the level of fertilization is required to evaluate the importance of incompatible pollen (reviewed by Ganders 1979) . Several of pollen limitation to seed set. Information of this type is authors have suggested that this phenomenon, known as available for relatively few%species. These include Passflora "clogging" (Yeo 1975; Lloyd and Yates 1982) , might reduce seed set through the inhibition of germination or tube growth of compatible pollen grains. However, there is no experimental evidence of the effect of clogging in heterostylous plants so it is difficult to evaluate its importance to the pollination process.
Here we examine the effects of pollination intensity and clogging on seed set in the two style morphs of Turnera ulmifolia L. (Turneraceae), a distylous, perennial herb. Turnera ulmifolin is particularly suited to studies of this type because it flowers profusely year-round under glasshouse conditions, has large flowers which are easily manipulated, and has a moderate number of ovules per flower. In addition, individuals produce a sufficient number of flowers each day for replicatid trials. Of particular interest to us was the comparison of the response of the long-and short-sytled morphs to the pollination treatments since studies of pollen flow have demonstrated consistent differences in the number of compatible and incompatible pollen grains captured by stigmas of the floral morphs. Following the presentation of our results we discuss their implications in light of several recent proposals on the potential importance of clogging to the evolution of plant breeding systems.
Materials and methods
Material of Turnera ulmifolia used in the experiements was grown from a bulk seed sample collected from a population growing on open, sandy, waste ground in Barreirinhas, Maranhao State, Brazil, in August 1977. The varietal status of plants is unclear; they exhibit characters found in var. elegans Urb. and var. intermedia Urb. (Urban 1883) . The population from which plants were derived corresponds to population 30 in Barrett (1978) where further details of the reproductive biology of T. ulmijolia are given. The population was chosen for study because individuals were strongly self-incompatible, were dip!oid (2n = 10) with no pollen sterility, and flowered prolifically. Flowers in T. ulmifolia are ephemeral, opening early in the morning and lasting for approximately 4 h.
In the summer of 1979, floral characters were measured from a sample of 29 plants (15 long styled, 14 short styled) grown under glasshouse conditions. The size of 20 pollen grains was measured for each individual by using a calibrated ocular micrometer on a compound microscope. Pollen production per flower was measured using the haemaeytometer method (see Lloyd 1965) . Three buds were used from each of seven individuals per morph.
Pollination intensity experiment ' The experiment was conducted during August 198 1, using 14 plants (7 of each style morph) of the same age grown in a pollinator-free glasshouse. All pollinations were performed in the laboratory. Each day one individual of each morph was selected as a pollen donor. Legitimate (compatible) pollinations were then made using a range of female parents. Flowers on each pollen recipient were assigned a random number of pollen grains between 0 and 101. Before pollination, part of the corolla was removed to allow deposition of a precise number of pollen grains per stigma. Although this was only necessary in the short-styled morph, because of its concealed stigma, excision of the corolla was also undertaken on the long-styled morph to serve as a control. Pollen from the donor was applied to a fine needle by touching the needle to an anther. While observing this needle under a dissecting microscope ( x lo), a second needle was used to remove a small number of pollen grains. This method enabled the transfer of small quantities of pollen. The pollen grains were then transferred to the recipient stigmas while observing them under the microscope. An effort was made to place an equal number of pollen grains on each of the three stigmas within a flower.
After pollination each flower was marked with a tag recording the date of pollination and the number of pollen grains applied. At least 6 days after pollination the capsules were harvested and dissected open, and the number of developing seeds and small shriveled ovules (assumed to be unfertilized ovules) were counted. Seed maturation in T. ulmijolia normally takes approximately 21 days. Capsules were harvested prior to dehiscence to enable the number of unfertilized ovules to be measured easily and to avoid the confounding effect of fruit abortion in capsules containing a small number of seeds.
The seed set data were analyzed using the regression model: Y = B , (Neter and Wasseman 1974) , where Y is the response variable (e.g., seeds per capsule), X , is the number of pollen grains applied to the stigma, and Xz is an indicator (dummy) variable which has the value 0 for the long-styled morph and 1 for the short-styled morph. The regression parameters Bo-B3 allow tests of the hypothesis that the style morphs respond differently to the varying pollination intensities.
Pollen clogging experiments Three experiments were conducted in July and August 1982, using 18 plants of similar age grown under glasshouse conditions. In each experiment the following protocol was used. Each morning random pairs of morphs were selected from the sample, provided that the number of flowers on a plant was at least equal to the number of treatments to be applied. For each pair a single long-and short-styled flower was used as the pollen donor. Treatments were randomly assigned to flowers of the pollen recipient. Pollen was transferred using a single anther as the unit and rubbing the anther on the recipient stigmas until all pollen had been visibly removed from the anther. For each pair of plants all treatments were performed on both individuals. While the experimental design confounds daily environmental conditions with genotypic sources of variation, these effects were controlled by blocking in the analysis of variance.
The three experiments involved an examination of the effect of the order of application and the relative proportion of incompatible and compatible pollen grains on seed set. In the first experiment the two pollen types were applied in sequence with no significant time interval between the applications. The five treatments used were (i) one unit of compatible pollen (control), (ii) one unit of compatible pollen followed by one unit of incompatible pollen, (iii) one unit of incompatible pollen followed immediately by one unit of compatible pollen, ( i v ) one unit of compatible pollen followed by five units of incompatible pollen, and ( v ) five units of incompatible pollen followed by one unit of compatible pollen. The experiment was replicated 14 times, i.e., it consisted of 14 blocks. In the second and third experiments. only treatments 1, 3, and 5 were used and the time intervals between application of the two pollen types were 1.5 and 3.5 h, respectively. Control pollinations were performed after similar time intervals. Fifteen replications per morph were used in the second experiment and 22 in the third experiment. In all clogging experiments anthers were removed from recipient flowers and flowers were marked with tags indicating the treatment and date of pollination. Developing seeds aid unfertilized ovules were counted as described above.
Results
The population of Turnera ulmifolia used in this study exhibits the floral polymorphisms common to most distylous species. Dimorphism occurs for style length, stamen length, pollen size, and pollen production ( Table 1 ). The number of ovules per flower and the natural levels of seed set per capsule are not significantly different between the style morphs. Stigmas of the flora morphs of T . zllmifolia lack papillae but are highly dissected, thus providing a large surface area for pollen capture. The long-styled morph has a larger stigmatic surface than the short-styled morph.
Pollination intensity experiment
Data for seed set per capsule resulting from different pollination intensities are plotted as histograms in Fig. 1 . A small number of pollinations at all pollination intensities failed to produce fruits. These were excluded from the analysis. While lack of fruit production at low pollination intensities may result Barrett (1978) .
from an absence of fertilization. other factors, such as resource limitation and damage to flowers during manipulations, likely were involved at greater pollination intensities.
In both the long-and short-styled morphs, increasing amounts of pollen applied to stigmas generally resulted in increased levels of seed set. Large variance in the number of seeds produced in each treatment was, however, a characteristic feature of the data. Visual inspection of data in Fig. 1 suggested that the responses of the two morphs to the pollination treatments may differ. This hypothesis was tested by regression analysis.
Preliminary analyses revealed that in both morphs the variance of seed number increased with the mean. Therefore, natural log transformation of the response variable was undertaken. Results of the regression analysis are presented in Table 2 . The regression equation for the long-styled morph reduces to a line with intercept Bo and slope B , . B2 represents the magnitude of the difference between estimates of the intercepts for the long-and short-styled morphs. Similarly, B3 estimates the difference between the slopes of the lines for the two morphs. Tests of the hypothesis that parameters B2 and B, differ from zero are not significant ( Table 2 ). The percentage of variation accounted for by the model was 34.5. We also performed similar analyses on the ratio of seeds per capsule to ovules per flower with and without pollinations which gave no seeds. The results were qualitatively similar and did not allow rejection of the null hypothesis. Therefore we have no evidence that the morphs respond differently to increasing pollination intensity.
Pollen clogging experiment
As in the previous experiment analyses were performed on both the number of seeds set per capsule and on the ratio of seeds to ovules per capsule. Results were similar and only data for seeds per capsule are presented in Table 3 . Although the same number and proportion of anthers were used in each treatment, the absolute number of pollen grains applied to stigmas of the two style morphs differed because flowers of the two morphs produced different amounts of pollen (Table 1) . Hence, separate ANOVAs were performed on data from each morph.
In the first experiment involving sequential application of compatible and incompatible pollen and vice versa, seed set in both morphs was unaffected by the sequence or amount of pollen applied to stigmas. Earlier observations indicated that in both style morphs compatible and incompatible pollen germinates and penetrates the stigmatic tissue. We therefore hypothesized that clogging might occur in the style rather than on the stigmatic surface. Thus, two additional experiments were performed involving a 1.5-and 3.5-h delay between the application of the pollen types. The delay might allow incompatible pollen grains to germinate and penetrate the stigmatic tissue before the compatible grains were applied.
The results from the two experiments indicate that the longstyled morph is more sensitive to the inhibitory effects of incompatible pollen than the short-styled morph. In both experi- ments the treatment involving a 5 : 1 ratio of incompatible: compatible pollen resulted in a significant reduction in seed set compared with the control treatments. In contrast, in the shortstyled morph there were no significant differences between treatments in either experiment. Thus clogging can occur in T. ulmifolia, but in our experiments it was only evident under restricted conditions.
Discussion
In recent years several workers have considered the potential importance of the inhibitory effects of incompatible pollen to seed set in self-incompatible plants. Bawa and Opler (1975) suggested that in tropical trees with large floral displays a plant's own pollen may interfere with the receipt of compatible pollen. They postulated that stigmatic clogging could result in reduced seed set and ultimately selection for dioecism. Similar arguments were made by Zapata and Arroyo (1978) in their consideration of low seed set in self-incompatible species, in comparison with dioecious species, from a tropical deciduous forest in Venezuela. Yeo (1975) suggested that the floral polymorphism~ common to heterostylous plants could function as anticlogging devices which had evolved to compensate for the relatively "inefficient" diallelic incompatibility system. Lloyd and Yates (1982) have extended these ideas and have suggested that spatial segregation of anthers and stigmas within flowers of the style morphs may have evolved to reduce mutual interference between male and female function. In contrast, Charlesworth and Charlesworth (1979) did not incorporate stigmatic clogging into their model of the evolution of distyly and considered it unlikely to be an important selective influence. Finally, Cruden and Miller-Ward (1981) were of the opinion that competition between compatible and incompatible pollen grains on stigmas of heterostylous plants would be unlikely and should rarely limit seed set.
Given the potentially important role clogging may play as a force influencing plant breeding systems, it is necessary to review evidence for its occurrence. Three classes of study have been performed depending on whether the effects of (i) heterospecific pollen, (ii) dead pollen or foreign substances, or (iii) incompatible pollen were examined. Several authors have demonstrated that heterospecific pollen reduces seed set (Ockendon and Currah 1977; Waser 1978; Sukada and Jayachandra 1980; Thomson et al. 198 l) , while others failed to detect a reduction in seed set (Brown and Kodric-Brown 1979) or a marked reduction in the numbers of pollen tubes in styles (Sedgley and 2. 1.5 h between applications ( 1 1 = 15 flowers per treatment); and experiment 3.3.5 h between Blesing 1982). Dead self-pollen did not reduce pollen tube growth in Brassica oleracea (Ockendon and Currah 1977) or in Cosmos bipinnatus (Howlett et al. 1975) . The latter study is often cited as providing evidence for pollen clogging (e.g., Zapata and Arroyo 1978; Lloyd and Yates 1982) , but a misprint occurred in one of the tables (B. J. Howlett, personal communication) and no such effect exists. Pollen dilution with talc (Jennings and Topham 1971) reduced fruit set in raspberry cultivars. Ockendon and Currah (1977) demonstrated that selfpollen reduced the number of cross-pollen tubes in the,styles of Brassica oleracea. However, this clogging effect disappeared if the compatible pollen was placed on the stigma at least 16 h after the application of self-pollen. Snow (1982) provides evidence, from a limited sample of open-pollinated intact and emasculated flowers of self-incompatible Passiflora vitifolia, which suggests that clogging may have occurred. She found that emasculated flowers set a higher percentage of seed than unmanipulated flowers, following natural pollination by hummingbirds. While these studies provide useful information to our understanding of the pollination process, they hardly constitute strong experimental evidence for clogging.
In this paper we have examined the effect of self-pollen (incompatible) on seed set in a distylous population of Turnera ulmifolia under controlled glasshouse conditions. Clogging was only observed under the most extreme treatments, i.e., clogging occurred when one anther of compatible pollen was applied 1.5 or 3.5 h (approximately the lifetime of a flower) after the application of five anthers of self-pollen. In addition this effect only occurred in the long-styled morph; short-styled plants did not exhibit reduced seed set (Table 3 ). The results suggest that clogging may occur within the style and requires the presence of a sufficiently large number of self-pollen tubes to reduce seed set. The absence of clogging in short-styled plants may have at least two explanations. The treatments applied to the two morphs are not equivalent since the morphs differ in total pollen production ( Table 1 ). The short-styled morph received on average 25% fewer incompatible pollen grains than in the equivalent treatment applied to the longstyled morph. This difference could have affected the results. Furthermore, observations of pollen tubes in cleared styles and stigmas revealed that self-pollen tubes grew no farther than the stigma-style interface for the short-styled morph but at least half the length of the style in the long-styled morph. Thus clogging could occur in the stylar transmitting tissue of the long-styled morph, particularly if a smaller cross-sectional area is available for pollen tube growth, as occurs in the long-styled morph of Prirnlila sinensis (Dowrick 1956 ). For the shortstyled morph, inhibition of pollen tube growth occurs in the highly branched stigmatic tissue where ample area may remain available for subsequent compatible pollen tube growth. At present we cannot distinguish between these two possibilities.
From an ecological perspective we feel that pollen clogging is unlikely to be an important influence on the pollination process in this species since clogging may only be achieved under circumstances which rarely occur in nature. Clogging would require a pollinator to deposit large amounts of incompatible pollen on stigmas and no compatible pollen until at least 1.5 h later. Given the known population structure of the species, which frequently involves dense colonies of both floral morphs (Barrett 1978) , this seems unlikely. However, we should point out that it is possible that treatment combinations not used in our study could lead to clogging. Studies attempting to demonstrate clogging should ideally include the range of compatible and incompatible pollination levels that can be achieved in a natural population. At best, a factorial design with differing levels of incompatible and compatible pollen should be applied and the resulting seed set determined. A time delay between the application of incompatible and compatible pollen may be included as an additional dimension. The implementation of a pollination programme this broad in scope is technically difficult and remains to be done.
The average number of pollen grains required to set a seed is an important parameter for studies attempting to demonstrate pollen limitation of fecundity. The pollen loading experiment performed here revealed the expected increase in seed set per capsule with increasing pollen number (Fig. 1) . However, at all pollination levels the number of seeds set was less than the number of pollen grains applied. Further, if we compare the mean seed set per capsule at the highest pollination intensity (95 grains) with the controls of the pollen clogging experiment (Table 3) , for which approximately 2000 pollen grains were applied, we find that with 95 grains per flower we have not achieved maximum seed set. Thus, more than 95 pollen grains are required to achieve maximum seed set and about two to seven pollen grains are required per seed.
The elevation of the number of pollen grains required per seed above the theoretical minimum of 1 has a number of explanations. The maternal parent may be able to prevent fertilizations by inferior male gametes or to abort ovules which have been fertilized by inferior or nonpreferred male gametes (see Willson and Burley 1983) . Alternatively some pollen may be genetically defective. However, it is also possible that the experimental manipulations of the flower involving the excision of the corolla and the handling of pollen may have contributed to the observed effect. It is also worth noting that the mean ovule number per flower (Table 1) is greater than any of the mean seed set values observed (Table 3 , Fig. 1 ). This suggests either that abortion of ovules, because of fertilization by nonpreferred gametes or because of limited maternal resources, has occurred or that some ovules are sterile. If our experimental results may be extended to natural situations, they suggest that pollen limitation might occur even though more pollen grains are present on a stigma than the number of ovules available in the ovary. For Turnera ulrn(fo1ia more than 95 pollen grains are required to achieve maximum seed set per capsule. Finally, simply counting the number of seeds and ovules produced in open-pollinated flowers will not necessarily provide evidence of pollen limitation as not all ovules may be capable of producing a seed.
Recently, have argued that large pollen grains are more efficient at achieving fertilization than small pollen grains (but see Baker and Baker (1982) and Plitmann and Levin (1983) ). Cruden and Miller-Ward use evidence from pollen flow studies of distylous taxa to support their hypothesis. We feel that the use of total pollen load data is inappropriate as different ratios of compatible pollen to seed set among the morphs are the net result of asymmetries in pollen deposition among the morphs and provide no information on the relative efficiency of individual large and small pollen grains. If it is accepted that heterostylous taxa can be used as a test of their general hypothesis, then it would seem to us that a more useful approach would be to experimentally manipulate small numbers of pollen grains and observe seed set. With this in mind it would appear that our pollen loading experiment is a direct test of their hypothesis. From our results we cannot reject the null hypothesis that large and small grains perform identically. Although the curve for the long-styled morph, pollinated by large grains from the short-styled morph, seems to rise more quickly than that of the short-styled morph, there is no significant difference between the two curves ( Table 2) . As indicated above, the regression analysis accounted for only 34.5% of the observed variation in the data set. The requirement of corolla removal for the precise deposition of pollen on the stigmas may have been responsible for some of the unaccounted variation. In addition, differences in maternal and paternal preferences (Bertin 1982b) as well as environmental variation in the glasshouse may have also contributed to the unexplained variation. Despite these difficulties, we feel that this experimental approach is the best method for addressing hypotheses concerned with distinguishing the relative effectiveness of large and small pollen grains in achieving fertilization in heterostylous taxa.
While the potential importance of clogging as a factor influencing the evolution of unisexuality (Bawa and Opler 1975) or the spatial segregation of male and female reproductive functions in hermaphrodites (Lloyd and Yates 1982) has been stressed by previous authors, few data are available on the inhibitory effects of incompatible pollen to maternal parents. We have demonstrated that clogging can occur under extreme experimental conditions in long-styled individuals of Turnera ulrnifolia, but it seems unlikely to have played an important role in the evolution and maintenance of distyly in this group.
